Objective-Resistance exercise (RE) stimulates growth hormone (GH) secretion in a loaddependent manner, with heavier loads producing larger GH responses. However, new research demonstrates that low-load RE performed with blood flow restriction (BFR) produces potent GH responses that are similar to or exceed those produced following high-load RE. We hypothesized that low-load RE with vascular restriction would attenuate the known age-related reduction in GH response to RE.
INTRODUCTION
Growth hormone (GH) is a pleiotropic peptide hormone that has primary roles in the regulation of metabolism, via stimulation of lipid mobilization and oxidation [1] , and in the promotion of collagen synthesis within musculotendionous tissue [2] . GH induces both direct and indirect effects on metabolism and protein synthesis, via GH receptor dimerization and/or stimulation of systemic and tissue-specific insulin-like growth factor (IGF)-I expression [1] [2] [3] . GH and IGF-I concentrations peak during adolescence and undergo a precipitous decline throughout the age span, which is thought to partially underlie the elevations in visceral fat mass and reductions in musculotendinous quality that occur in the elderly [4] . In this regard, exogenous GH administration does not promote accretion of skeletal muscle mass in adults [5] , but instead reduces visceral and subcutaneous fat-mass in GH deficient populations [6] and promotes collagen synthesis in musculotendinous tissue [2] . However, the side-effects associated with GH administration [7] and its limited efficacy in promoting muscle function in older individuals [8] exclude its recommendation as an antiaging therapy. Alternatively, exercise induces GH secretion in an intensity-dependent manner [9] , which may at least partially underlie the influence of exercise on lipid oxidation [1] and/or collagen synthesis within both muscle and tendon [10] ; although, this remains to be determined.
Traditional high-load resistance training performed in excess of 70% of one-repetition maximum (1RM) is the most established means of increasing both muscle and tendon crosssectional area (CSA) and strength in young and older populations [11, 12] . High-load resistance exercise (RE) results in a robust, yet transient, increase in circulating GH in young individuals, a result which is blunted in older populations [13] . Emerging evidence also indicates that low-load RE performed under conditions of local muscle blood flow restriction (BFR) produces comparable muscle hypertrophy to that observed with traditional high-load RE [14] and that low-load RE alone stimulates intramuscular collagen synthesis [15] . Interestingly, in healthy young persons, low-load RE coupled with BFR increases postexercise GH concentrations to an equal or greater magnitude than that of high-load RE [16] [17] [18] [19] [20] [21] [22] ; suggesting that low-load RE with BFR may be an effective means of attenuating metabolic and musculotendinous decrements that occur with aging. However, it remains unknown whether low-load RE with BFR is capable of increasing circulating GH in older populations who typically have low GH concentrations and who exhibit a blunted GH response to traditional high-load RE [13, 23, 24] .
The primary purpose of this study was to compare the GH responses following low-load RE performed with BFR and high-load RE in both healthy young and older adults. Based on previous data (in young adults), we hypothesized that low-load RE with BFR would attenuate the age-related reduction in GH response to high-load RE. As secondary purposes, we examined the acute change in IGF-I, exercise volume, perceived exertion and pain as potential factors to explain the GH response.
METHODS

Subjects
Ten young men (28 ± 7.8 years) and ten older men (67.4 ± 4.6 years) were recruited for this study. To be included, subjects had to be sedentary untrained males (< 60 minutes per week exercise participation and performing no resistance exercise in the past 6 months) between 20-40 or 60-75 years of age. Subjects were excluded if they had a body mass index (BMI) > 30 kg/m 2 , diagnosed hypertension or use of anti-hypertensive medications, a resting blood pressure ≥ 140/90, ankle-brachial index < 0.95, an orthopedic limitation that would preclude lower extremity RE, were currently undergoing active treatment for cancer, testosterone therapy, or anticoagulant therapy, or had a history of blood clotting disorders, congestive heart failure (NYHA class II, III or IV), stroke (< 6 mo), peripheral vascular disease, coronary artery disease (myocardial infarction < 6 mo), valvular heart disease, major psychiatric disease, rheumatoid arthritis, macular degeneration, severe anemia, liver or renal disease, uncontrolled diabetes or hypertension, severe osteoarthritis, blindness or deafness, fracture in upper or lower extremity within the last 6 months, upper or lower extremity amputation, Mini-mental state exam score ≤ 24, family history or carrier of sickle cell anemia, currently smoking, alcohol or drug abuse in the past 6 months. The University of Florida Institutional Review Board approved the protocol and all subjects gave written informed consent to participate in the study.
Experimental Design
This project was designed to test hypotheses comparing response differences in age (young vs. old) and exercise condition (low-load RE with BFR vs. high-load RE). Because neither BFR alone [16, 25] nor exercise performed at low-loads [26] produces a GH response, we did not include these comparison conditions. Therefore, this study adopted a randomized crossover design where subjects completed a baseline screening visit and two exercise sessions which were separated by a minimum of 4 days. The average number of days between testing session was 13 days. During the baseline screening visit, patients' lower extremities were inspected to identify risk factors for deep vein thrombosis (DVT) using the Wells criteria [27] and an ECG was performed to detect potential cardiac arrhythmias. We chose knee extension exercise because it isolates t he muscle group to specifically examine the effect of BFR on exercise-induced GH secretion without potential confounding effects of agonist muscles. Additionally, there is a large body of literature on GH responses to knee extension exercise in older adults with which to compare results. Prior to exercise and on a separate day, knee extension 1RM was performed according to a standard protocol using a selectorized knee extension machine (Paramount Fitness Corp. XL series). Test-retest coefficient of variation of older adults performing maximal strength testing is 11% as noted previously by our group [28] . Heart rate (HR), blood pressure (BP) were monitored throughout the exercise conditions to ensure the safety of the participants. Ratings of perceived exertion (RPE) and pain were assessed immediately after each set of exercise as described below.
Subjects reported to the laboratory between 0700 and 0800 hours following overnight fast (subjects were permitted to consume water ad libitum). Exercise sessions were performed in a temperature-controlled room under direct supervision of a nurse. During each exercise session, subjects performed four sets of knee extension exercise at either 80% 1RM (highload RE) without BFR or 20% 1RM (low-load) with concurrent BFR until volitional fatigue. During low-load training, BFR was initiated 2 minutes prior to the start of exercise and the cuff remained inflated for the duration of the exercise and rest periods. Specifically, an 11 cm wide blood pressure cuff (Hokanson, Bellevue, WA) was inflated around the upper thigh according to published tourniquet safety guidelines [29] . The degree of blood flow occlusion between individuals was standardized by inflating the cuff to 1.5 times the brachial systolic blood pressure of each subject (Cuff inflation range: 135-186 mmHg) that was assessed in a sitting position prior to the start of the exercise. In addition, the GH response to RE is partially contingent on rest between sets and the volume of exercise performed [30] , as such we standardized rest intervals between sets at two minutes and recorded training volume by calculating the number of repetitions performed multiplied by mass lifted in kilograms in each condition.
Subjects also self-assessed their rate of perceived exertion (RPE) and pain using two validated scales developed by Borg [31] . Each scale was administered using standardized instructions [31] . Immediately following the bout of exercise, subjects were asked to recall their RPE on a 6 to 20 scale and localized leg pain levels on a 0-10 CR10 scale at the end of the exercise bout. Average RPE, average pain, and peak pain experienced were calculated and used for data analysis.
Blood acquisition
Upon acquisition of the sample, an aliquot of whole blood was placed on a portable lactate analyzer (Accutrend © Lacate Analyzer, Sports Resource Group Inc, Minneapolis MN). The remaining samples were acquired in EDTA tubes from an antecubital forearm vein via indwelling catheter at 10 minute intervals beginning 30 minutes prior to exercise and concluding 120 minutes after the onset of exercise. The catheters used for this study did not contain heparinized tubing because heparin interferes with the analysis of clotting agents within the plasma. As such, the catheter was flushed with normal saline solution after each blood draw in order to reduce likelihood of clotting within the catheter. Despite our attempts to avoid clotting, we were unable to collect blood on 33 out of 640 (~5%) time points because of clotting that occurred in the catheter. Most were missed 100 minutes postexercise (21 out of the 33 samples). Chilled blood samples were centrifuged at 3000 rpm for 15 min at 4°C and plasma was separated and stored frozen at −80°C prior to analysis.
Biochemical analysis
Stored samples were analyzed in duplicate and in a single run. Plasma GH was determined by a commercially available enzyme-linked immunosorbent assay (ELISA) with a sensitivity of 0.03 ng/ml and an inter-assay variance of 5.1% (Diagnostic Systems Laboratories, Inc., Webster, Texas). Plasma IGF-I was determined at baseline and 60 minutes post-exercise by a commercially available non-extraction ELISA with a sensitivity of 0.01 ng/ml and an inter-assay variance of 5.8% (Diagnostic Systems Laboratories, Inc., Webster, Texas). For safety purposes, we assessed formation of fibrin clotting products 30 minutes following the exercise. D-dimer was measured using a semi-quantitative latex agglutination assay (Fisher Scientific, Suwanee, GA). This test indicated positive when Ddimer levels exceed 50 ug/ml -a clinically meaningful level indicating a high preprobability risk of developing a deep-vein thrombosis in a low-risk population such as those enrolled in the study [27] .
Statistical analysis
Subject characteristics across age groups were compared using a one-way analysis of variance (ANOVA). Peak GH and IGF-I responses, RPE, perceived pain, and total exercise volume were evaluated in a condition (80% vs. 20% RE) by age group repeated measures ANOVA. GH and lactate time point parameters were analyzed using a mixed model regression [32] . Additionally, GH area under the curve (AUC) was calculated using cubic splines, as described elsewhere [33] , and the maximal GH concentration and GH AUC were compared across age groups and conditions using the same mixed model approach. Pearson correlation coefficients were calculated to investigate potential involvement of blood lactate concentration on the GH response found during the exercise conditions. All GH data met the homogeneity of variance assumption, but were non-normally distributed. As a result, the GH data were log-transformed and subsequently met the normality assumption for parametric analyses described above. Statistical differences were decided using log-transformed data, but means ± SEM were presented in figures out of convention and comparison to the literature. An alpha of p ≤ 0.05 was considered the criterion for statistical significance and all analyses were performed in STATA 10.0.
RESULTS
Subject characteristics
The anthropometric, blood pressure, and ankle brachial index characteristics were similar between the young and old subjects. However, 1RM knee extension strength was approximately 20% lower in the older subjects (Table 1) .
Subjects in both age groups performed a greater exercise volume during the 80% bout of RE compared with the 20% bout with BFR (Young: 20% RE = 2519 ± 208 vs. 80% RE = 4283 ± 312 kg; Old: 20% RE = 1722 ± 241 vs. 80% RE = 2830 ± 180 kg). (condition effect: p < 0.001). Additionally, the young subjects performed a larger training volume under both conditions (age effect: p < 0.001). There was no clinically significant evidence of D-dimer formation during both exercise conditions. Table 2 displays information on RPE, perceived pain, repetitions achieved and exercise volume. Subjects in both age groups performed a greater exercise volume during the 80% bout of RE compared with the 20% bout with BFR (condition effect: p < 0.001). Additionally, when compared to the old, young subjects performed additional repetitions and had a larger exercise volume under both conditions. As seen with the significant age group by condition interaction, young adults also increased their exercise volume from 20% BFR RE to 80% RE to a greater extent than older adults. No differences in RPE were present between age group or exercise condition (p = 0.387; Table 2 ). Conversely, both average and peak pain levels were approximately 2-4 points higher during the low-load RE with BFR compared to the high-load RE in both age groups (p = 0.003, Table 2 ).
Growth hormone and IGF-I
Prior to beginning exercise, baseline plasma GH concentrations were ≤ 1ng/ml in both young and older subjects. A significant three-way interaction indicated differences across age groups, exercise conditions and sampling time following the onset of exercise (p = 0.006). Figure 1 illustrates data according to differences between exercise conditions. The GH responses of young and old subjects were similar between exercise conditions. Knee extension RE at 20% 1RM with BFR had double the GH response to BFR at 40 and 50 minutes post-onset of exercise than old subjects, but these differences were not statistically different (p = 0.15 for both time points). There was no difference in the GH response between age groups in the high-load RE condition (all p-values > 0.50). Maximal concentrations of GH were higher in the young during the 20% BFR condition when compared to the old group and the 80% RE condition (Figure 2 : upper panel). GH AUC was similar between age groups and conditions (Figure 2 : bottom panel).
Basal plasma IGF-I concentrations were approximately 50% lower in the old compared to young subjects prior to each exercise condition (p < 0.01). IGF-I concentrations remained unaltered in young (80% baseline: 273.2 ± 34.8; 80% post-exercise 282 ± 33.5 ng/ml; 20% BFR baseline: 269.0 ± 22.6; 20% BFR post-exercise: 255.4 ± 26.9 ng/ml) and old subjects (80% baseline: 116.9 ± 10.2; 80% post-exercise: 138.4 ± 12.5; 20% BFR baseline: 125.8 ± 10.0; 20% BFR post-exercise: 129.9 ± 14.2 ng/ml) following both exercise conditions.
Lactate
Lactate concentration increased 10 minutes following the first bout of both exercise conditions in both young and old subjects. In young subjects, the peak lactate concentration (4.4 ± 0.3 mM) occurred 20 minutes after the onset of high-load RE (p ≤ 0.05, Figure 4) . A similar peak lactate concentration occurred following low-load RE with BFR (4.2 ± 0.3 mM), albeit at a slightly delayed time point (i.e., 30 minutes). In older subjects, high-load RE produced a peak lactate concentration of 4.6 ± 0.2 mM which occurred 40 minutes after the onset of exercise, while the lactate peak was lower (3.8 ± 0.2 mM) and occurred at an earlier time point (30 minutes after the onset of exercise) following low-load RE with BFR (p ≤ 0.05). No differences between age groups were noted. Of note, lactate concentration was positively correlated with the GH concentration when age groups and exercise conditions were collapsed (r = 0.13, p = 0.002). Upon further analyses, this association was stronger in older men when RE was performed at low loads with BFR (r = 0.24, p = 004) compared to RE at 80% (r = 0.03, p = 0.67). Young men showed a consistently low and nonsignificant association between GH and lactate concentration (20% RE: r = 0.13, p = 0.10; 80% RE: r = 0.10, p = 0.18)
DISCUSSION
To our knowledge, this is the first study comparing the effects of low-load RE with BFR and high-load RE in both young and old men. The two main findings of our study are as follows: 1) older men exhibited a blunted maximal GH response to low-load RE with BFR compared to younger men and 2) young men experienced a higher maximal GH concentration, but similar AUC GH concentrations following low-load RE with BFR, despite performing a lower total exercise volume with BFR. In addition, circulating IGF-I was substantially lower in older men and remained unaltered by either exercise protocol. Our hypothesis that lowload RE with BFR attenuates the age-related loss of GH stimulation to high-load RE was rejected.
The GH response to RE has been well characterized [34] and is traditionally known to be influenced by chronological age, amount of muscle mass recruited, type of muscle action (concentric or eccentric), exercise load, training status (an athlete versus a sedentary individual), volume of exercise, and the amount of rest given between sets of exercise. In young men, we observed that low-load RE with BFR produces a similar increase in GH to that of high-load RE, which corroborates the findings of several previous studies [16] [17] [18] [19] [20] [21] [22] . However, contrary to our hypothesis, we observed that the maximal post-exercise GH response was attenuated in old men during low-load RE with BFR. The GH response to lowload RE with BFR that we observed may seem low compared with that which others report [21] ; however, it is of a slightly higher magnitude than that reported by Fry et al., using the same knee exercise protocol in older adults (mean peak response of ~1 ng/ml) [25] . Interestingly, neither low-load RE alone nor BFR alone increase circulating GH concentrations, while the combination of low-load RE with BFR produces a robust increase in GH [22, 26] . This suggests that the coupling of these two modalities produces an adjunct elevation in circulating GH that appears to be reliant on both local muscle ischemia and physical exertion.
The accumulation of metabolic byproducts produced by exercising muscle is involved in the hypothalamic-stimulated release of GH [35, 36] . Specifically, metabolic acidosis in the form of lactate accumulation is involved in GH release, as evidenced by Luger and colleagues who infused lactate to produce the same serum concentrations observed during an exercise bout and observed roughly half the GH response resulting from exercise [35] . In our study, while we observed that lactate concentration was correlated with GH concentrations, we found no clear differences between the conditions or age groups that could explain the elevated peak GH response. Alternatively, exercise volume is known to influence the GH response to exercise. However, we find it unlikely that the observed differences in exercise volume influenced the GH response in older individuals because the amount of mechanical work performed was not related to the GH response in our study. As such, exercise volume and lactate concentration may play a lesser role in GH secretion following low-load RE with BFR than others have suggested [21, 22] .
In agreement with the findings of several previous studies [13, 24, 30] , we report that basal GH concentrations were not different between younger and older men. However, our results appear to at least partially conflict with a number of studies, which have reported that both the maximal and integrated AUC GH responses to high-load RE are blunted in old individuals [13, 23, 24] . In fact, we observed no difference in the GH AUC between young and old individuals in our study and the maximal GH responses to high-load RE were also similar between ages. The older men enrolled in our study were thoroughly screened and apparently healthy for their respective age (i.e., no subjects were hypertensive -a common condition in older adults). Thus, our recruitment of a healthy sample of older adults likely skewed comparisons to other studies where screening was less stringent or where subjects were of an even older age [13, 30] . Conversely, in older men, we observed that the maximal GH response to low-load RE with BFR was blunted compared with that following high-load RE which may have resulted from a reduced maximal force production due to BFR, which we [26] and others [37] have previously reported. In particular, maximal EMG is reduced both during [37] and following [38] RE with BFR, a result that is amplified by the severity of blood flow occlusion [38] . It remains unknown whether these deficits result from central or peripheral mechanisms; however, both metaboreceptor activation [39] and central command influence GH secretion [40, 41] . Additionally, the relative importance of the maximal GH response to stimuli versus that of the total GH response (typically measured as AUC) remains somewhat controversial. The fact that GH is typically secreted in a pulsatile manner [1] , as opposed to continuously, suggests that the maximal or peak GH response may be of some importance when evaluating the physiological effects of this hormone; although, this remains to be determined.
BFR RE resulted in similar reported exertion levels, but higher perceived localized pain during exercise. These results suggest that pain receptors are activated to a greater extent during BFR RE than high-load RE. While the mechanism is not completely clear, its plausible that decreased venous outflow during BRF reduces clearance of metabolic acidosis resulting in activation of proton-activated nociceptors [42] . Importantly, acute pain is known to regulate GH secretion through stimulation of opioid receptors [43] . For example, Greisen and coworkers found a significant increase in GH secretion following electrical stimulation to the abdominal skin [44] . Additionally, Jubeau et al. reported a higher GH secretion with electrical stimulated versus voluntary maximal muscle contractions [45] . The researchers speculated that high acute pain perceived during the stimulated contractions contributed to the elevated GH response. It would appear that the higher levels of pain induced by low-load BFR contributed to the GH release compared to the relatively painless high-load RE bout. From a more applied perspective, elevated pain levels seen during BFR RE reduce its potential utility as a viable modality for the public. A modification of the BFR exercise protocol that minimizes pain levels by releasing cuff pressure between sets of exercise might improve tolerability, but it is unknown how this will impact the physiological responses. Additional research is needed to ensure low-load BFR RE is tolerable while providing the physiological signals that are associated with muscle adaptation.
GH circulates in multiple molecular forms, only some of which are biologically active [46] . In men, the bulk of GH secretion occurs in a pulsatile manner at night, while daytime levels are comparatively low [1] ; however, several stimuli including exercise [9] and amino acid administration [47] induce GH secretion. For this study, we measured the intact, immunoreactive GH (irGH) molecule, which is the most prevalent within the circulation and which consists of several GH subfractions, including immunofunctional GH (ifGH), GH bound to GH binding protein, and GH fragments [48] . irGH expresses two separate receptor-binding domains, both of which are required to dimerize the GH receptor and initiate signal transduction [48] . Conversely, ifGH, which represents approximately 50% of irGH [47] is considered biologically active because ifGH expresses both binding domains [48] . As such, GH may exert direct systemic effects via receptor dimerization or indirect effects via the stimulation of systemic or local IGF-I expression [1] ; although, we did not observe changes in circulating IGF-I following either exercise protocol. Importantly, it is no longer thought that GH stimulates accretion of skeletal muscle mass in adults [5] , considering that GH does not induce myofibrillar protein synthesis [2] and that exogenous GH administration does not improve muscle performance in healthy young individuals, GH-deficient individuals [49] , or older men [8] . In humans, the primary roles of GH are as a key regulator of fuel metabolism and as an initiator of protein synthesis with connective tissue [50] . For example, GH induces rapid dose-dependent increases in lipid mobilization and oxidation, a result which is reversed with pharmacologic GH receptor blockade [1] , and moderately reduces fat mass in both obese [51] and GH deficient individuals [6] following administration. In addition, GH influences musculotendinous tissue via stimulation of collagen protein synthesis either directly or indirectly, through effects on IGF-I [2, 3] . Considering the clear roles of GH in metabolic and musculotendinous health, future research examining the effects of low-load RE with BFR on circulating ifGH and tissue-specific (i.e., musculotendinous collagen or adipose tissue) IGF-I expression appears warranted.
We report here that low-load RE with BFR stimulates GH secretion in an amount that is comparable to that produced by high-load RE without BFR in young men. However, the post-exercise GH response to low-load RE with BFR is lower in older men when compared with that seen in young men and to some extent compared to traditional high-load RE. Values are predicted means ± SEM, n = 10 per age group. *Indicates p ≤ 0.05 for differences between age groups. ^Indicates p ≤ 0.05 for differences between exercise condition. Values are predicted means ± SEM, n = 10 per condition. *Indicates p ≤ 0.05 for differences between exercise conditions. Table 2 Rating of perceived exertion (RPE), pain, and total exercise volume in young and old subjects for low-load (20%) resistance exercise (RE) with blood flow restriction (BFR) and high-load (80%) RE conditions. Note: Exercise volume = total number of repetitions * mass lifted in kg; Average and peak pain calculated over the 5 sets of resistance exercise. ‡ Represents the total number or repetitions achieved over 5 sets of knee extension exercise to volitional failure.
